direct link between herbivorous/omnivorous mesozooplankton (0.2-2.0 mm) and higher levels of the trophic web, because it is consumed by a variety of predators, including macrozooplankton (Hopkins, 1985a; Øresland, 1990) , midwater fish (Williams, 1985; Kellerman 1987) and even benthic organisms (Dearborn et al., 1986) .
Preliminary investigations on the food and feeding ecology of planktivorous seabirds breeding in the Golfe du Morbihan at Kerguelen in summer 1994 indicated the regular occurrence of P. antarctica in the diet of one procellariiform species, the common diving petrel, Pelecanoides urinatrix. This species is known to feed in large concentrations in the gulf itself (Weimerskirch et al., 1989) , where P. antarctica was not previously recorded (Razouls et al., 1996) . An integrated scientific program (Interactions Oiseaux-Zooplankton; IOZ) was therefore conducted to sample the macrozooplankton community in the vicinity of predator breeding sites and to collect food samples from seabird species during the summer months. Special care was taken to investigate the western part of the gulf which is characterized by deep submarine valleys and numerous islands and which was not previously surveyed (Razouls et al., 1996) . Among the seabird species chosen for the IOZ study were the common diving petrel and the small penguin species the southern rockhopper penguin, Eudyptes chrysocome filholi, which is the only other planktivorous diving seabird breeding in summer and feeding in the Golfe du Morbihan. To our knowledge, no previous attempt has been made at a given locality to sample P. antarctica at the same time in both the pelagic community and the food of air-breathing vertebrates to assess its importance in the ecosystem.
The main objectives of the study were first to quantify the abundance of P. antarctica and its population structure in the macrozooplanktonic community living in a coastal area and in more offshore waters during the summer months (the chick-rearing period of seabirds). Second, we quantified the abundance and the developmental stages of P. antarctica in the diet of diving petrels and rockhopper penguins. Finally, we compared during two consecutive summers the characteristics of P. antarctica eaten by seabirds with those found in macrozooplankton samples to gain further information on dietary segregation among diving petrels and penguins (present study), and to quantify the impact of seabirds on the population of their prey (Alonzo et al., 2003) .
M E T H O D Study site and macrozooplankton sampling
Fieldwork was carried out in the Kerguelen Islands, Southern Indian Ocean ( Figure 1A ) as a part of the IOZ programme. Macrozooplankton was sampled inside the Golfe du Morbihan and over the peri-insular shelf in three groups of stations with different bathymetric and hydrological characteristics. The Golfe du Morbihan is about 700 km 2 located in the eastern part of the archipelago. The first group of stations (open gulf stations 1 and 2) was located in the northern part of the gulf which is free of islands, has maximum depths of 60 m and opens to the southern Indian Ocean through the Passe Royale which is 12 km wide and about 40 m deep. The second group (shelf stations 4 and 5) was located in open ocean, station 4 over the peri-insular shelf in neritic waters, and station 5 over the upper slope, in 500 m deep waters. The third group (western gulf stations 6-10) was located around Ile Longue in the western part of the Golfe du Morbihan, which is characterized by deep valleys (to 220 m deep) and numerous islands and islets ( Figure 1B ). Macrozooplankton sampling was carried out during two consecutive summers, between January 14 and February 17, 1996, and between January 22, and February 26, 1997 (Table I) , thus encompassing the study periods of seabirds. Bad weather precluded sampling several times at the shelf stations, station 4 being sampled only once and station 5 not being sampled in February 1996. Macrozooplankton was collected by oblique hauls (bottom to surface, and 200 m to surface at the deeper station 5) using an ORI net (2 m 2 ; 1 mm mesh). We selected a 1 mm mesh in relation to the body size of the mid-to late copepodid stages of P. antarctica (Alonzo et al., 2000) and in relation to the known prey size of common diving petrels and rockhopper penguins (Bocher et al., 2000a (Bocher et al., , 2001 . Sampling biases were minimized by working within a relatively enclosed bay, thus lowering immigration and emigration, and by collecting samples at night, when the population has migrated vertically into 
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the water column (Mauchline, 1998) . Finally, we are aware of the different ways in which nets and seabirds sample the marine environment, but a comparison between them is the only way to investigate pelagic trophodynamic interactions. Within that context, it is thus noticeable that the stage frequency distributions of P. antarctica were similar in western gulf stations and in diving-petrel food samples (see below). Two consecutive samplings were performed at each station. Both samples were preserved aboard, either in a 5% buffered formalin-water solution or in sea water. At the shore-based laboratory, seawater samples were sorted, rinsed with 4.5% ammonium formate and dried for 2 days at 60°C for biomass measurements (mg dry weight m -3 ). The biomass of P. antarctica was not quantified for shelf stations. Formalin samples were sent to Villefranchesur-mer, France, for species identification and counting in sub-samples using the Motoda box technique.
Birds, dietary analyses and maximum dive depths
Study colonies of birds were located on Ile Mayes (49°28ЈS, 69°57ЈE), one of the numerous islands of the Golfe du Morbihan ( Figure 1B) , where large populations of seabirds breed (Weimerskirch et al., 1989) . Common diving petrels and rockhopper penguins were studied during 6-12 consecutive days corresponding roughly to the middle of the chick-rearing period. Breeding petrels were captured at night by mist netting or in burrows fitted with trap doors at the entrance to retain the adult before the chick was fed. Breeding adult penguins were captured in late afternoon when they came ashore to feed their chicks. Stomach lavage, following previously published techniques, was used to collect food samples from birds, which were flushed one to three times (Gales, 1987; Bocher et al., 2000b) . No individual bird was sampled more than once. Stomach contents were then drained to remove excess water, immediately frozen at -20°C, and returned to Chizé, France, for analysis. In the laboratory, each sample was thawed, drained, weighed and placed in a flat-bottomed tray. Fresh remains were divided into broad prey classes (crustaceans, fish and other organisms), that were weighed to estimate their proportions by fresh mass in the diet. The total number of each item was counted in each individual sample. Preys were identified using published keys and by comparison with material held in our own reference collection. All individuals of the copepod P. antarctica were sorted and determined following Razouls (Razouls, 1994) ; both developmental stages and sexes were then determined (see below). The importance of P. antarctica in the diet of each seabird species was assessed by calculating its frequency of occurrence (number of samples containing P. antarctica as per cent of total number of samples), its percentage by number (number of P. antarctica as per cent of total number of prey in the pooled samples), its percentage by mass (reconstituted mass of P .antarctica as per cent of total reconstituted mass in the pooled samples), and the percentage of food samples in which it was the prevailing prey by number and by mass. The reconstituted mass of prey was estimated using published allometric equations and our own equations [for further information see (Bocher et al., 2000a) ]. For P. antarctica, the mean fresh body mass was determined for various copepodite stages, i.e. CIII (1.6 mg), CIV (3.6 and 3.5 mg for ǩǩ and ǨǨ, respectively), CV (6.4 and 8.3 mg, respectively) and CVI (5.0 and 17.0 mg, respectively). Prey species were classified as major, significant, or rare items if they amounted to ≥ 10%, ≥ 1% and < 1% by number and/or by reconstituted mass of the diet.
Maximum depths reached by diving petrels and penguins were investigated using capillary-tube depth gauges (Burger and Wilson, 1988) , following previously published methods (Bocher et al., 2000b; Tremblay et al., 1997) . Briefly, a 10-12 cm length (petrels) or 20-25 cm length (penguins) of plastic tube (Tygon brand; internal diameter, 0.8 mm) was fitted on the back feathers using a waterproof adhesive tape. The tube was coated inside with icing sugar and sealed at one extremity. Each recorder weighed 0.6 g (petrels) or 1.2 g (penguins), i.e. < 0.5 % of the mean body mass. Maximum dive depth was determined by the equation:
where d is the maximum depth (m), Ls is the initial length (mm) of undissolved sugar, and Ld the length (mm) on recovery (accuracy ± 0.5 mm) (Burger and Wilson, 1988) .
Developmental stage and sex determination of P. antarctica
The developmental stages and sexes of P. antarctica were determined from a random sub-sample of each macrozooplankton sample with the use of a Motoda box (29 to 834 specimens per sample), and from each food sample (1 to 692 specimens). Between 80 to 100 stages V (CV) and adults (CVI), and between 14 to 20 CIV from every gulf station sample were randomly selected for biometry. Total body length was measured from the tip of the rostrum to the tip of the furca (Razouls, 1994) . Frequency distribution was calculated for developmental stages including CIII to CVI. For each macrozooplankton sample and each food sample, we calculated first the absolute stagefrequency distribution from the identified individuals only, and second, the relative stage-frequency distribution for the whole sample by multiplying the number of individuals in each stage class by the ratio of total number of P. antarctica : number of identified individuals. Data from the same macrozooplanktonic group of stations performed at different dates of the same year and those from food samples for a given seabird species collected in the same year were pooled by adding together the number of P. antarctica of the same stage-class from all the samples, and adding the numbers of individuals in all stage-classes to calculate the total number of P. antarctica.
During development, sexual dimorphism became visible from the stage CIV onward. Consequently, CIII were not sexed, but the sexes of CIV, CV and CVI were determined using secondary sexual characters. Males were identified by the size and shape of leg 5, and females by the absence of leg 5 and the shape of the genital somite (Ferrari and Dojiri, 1987; Razouls, 1994; Mazzochi et al., 1995) .
Data analysis and statistics
A correspondence analysis (Benzecri, 1973) was used to analyse the developmental stage structure data of P. antarctica. Correspondence analysis is an ordination method (also called inertia method), which has been widely used in the analysis of ecological data (Gower, 1987) . Ordination methods were designed to show the main features of the multivariate sample in hyperspace. The dimensions (or axis) are the best summary of the information contained in the data. Correspondence analysis uses an ordination table as data, which provides a simultaneous representation of the individuals (rows) and descriptors (column) in the new space. Correspondence analysis was first designed for categorical descriptors, but can also be used to describe size structures (Badia and Do-Chi, 1976) . Using 2 distances, correspondence analysis compares the distribution of the sample profiles to that of the stageclass frequencies.
The present data set was composed of active and illustrative individuals. Each individual was represented by stage-class distributions. The factorial axes of the correspondence analysis were computed using active observations whereas illustrative data or supplementary data were simply projected into this reference system without participating in its computation. In our study, the active observations were the P. antarctica stage structure in food samples for 55 birds belonging to two species (11 and 18 for common diving petrels, and 11 and 15 for rockhopper penguins in 1996 and 1997, respectively). Only food samples containing at least 30 identified individuals were used in correspondence analysis representation. Supplementary data comprised the 20 stage structures for the five western gulf stations sampled in February 1996 and 1997 (see Table I ). The active individuals (birds), illustrative individuals (stations) and the descriptors (stage classes) were represented in the same reference system. Data were analysed statistically using SYSTAT 9 for WINDOWS (Wilkinson, 1999) , and SPAD 3.01 for multivariate analysis. Values are means ± SD, with significance at 0.05 level.
R E S U LT S

Paraeuchaeta antarctica from macrozooplankton samples
Paraeuchaeta antarctica was recorded in every western gulf and shelf station, except station 4 in 1996, but none was found in open gulf stations in January-February 1996 and 1997 ( Table I ). The species often occurred in high densities (> 1 individual m -3 in 15 stations, up to 30 individuals m -3 ) and biomasses (> 10 mg dry weight m -3 in nine western gulf stations, up to 96 mg m -3 ), being the numerically dominant macrozooplanktonic species in eight net hauls. In a few western gulf stations, we found a nonconstant relationship between density and biomass calculated from the two successive hauls performed within a few minutes on the same day (see Method). This probably reflects heterogeneity in the distribution of P. antarctica at a small spatial scale.
Overall, the greatest abundances of P. antarctica were recorded in western gulf stations, the lowest values being found at station 4 (Table I) . At shelf stations, P. antarctica was less abundant at the more neritic station 4 than at the more offshore station 5, where it was the main macrozooplanktonic species at the end of January 1996. Other dominant species at shelf stations included the herbivorous copepod Rhincalanus gigas, the euphausiid Euphausia vallentini and the hyperiid amphipod Themisto gaudichaudii. At open gulf stations 1 and 2 where P. antarctica was not recorded, T. gaudichaudii greatly dominated, accounting for more than 97% of the biomass. Macrozooplankton, including mainly P. antarctica and T. gaudichaudii reached its maximum densities and biomasses in western gulf stations. Paraeuchaeta antarctica was always the dominant species by number at the deepest station 6, and it cooccurred with T. gaudichaudii as the main species at stations 7 and 9. However, P. antarctica was less abundant at stations 8 and 10 than at the other western gulf stations. Both stations were located at the two inshore extremities of the western part of the Golfe du Morbihan, where T. gaudichaudii was always the dominant species (Table I and Figure 1) . Developmental stages were distinguished by size, adult females being larger than CV, and CV larger than CIV (Table II) . Figure 2 illustrates the summer frequency distributions of developmental stages of P. antarctica at the shelf and western gulf stations in 1996 and 1997. Samples from the shelf stations were strongly dominated by CIV and CV, very few CIII (0.6% and 0.3% in 1996 and 1997, respectively) and CVI (1.6% of CVIǨ in 1997) having been caught. Frequency distributions differed between years ( 2 3 = 2864.48, P < 0.0001, for CIV and CV of both sexes). CIV and CV occurred equally in 1996 (53.9% and 45.5%, respectively), but more CV of both sexes were found in 1997 (16.2% versus 81.8% in 1996 and 1997, respectively) . At the western gulf stations, the (Figure 2 ).
Paraeuchaeta antarctica from seabird food samples
A total of 102 stomach contents was collected and analysed to determine the feeding habits of common diving petrels (n = 52) and rockhopper penguins (n = 50) (Table III) . Adult food load was about ten times lighter for diving petrels than for penguins (t-test, t = 10.74, P < 0.0001), and this was related to the body mass of the birds (about 145 and 2700 g for diving petrels and penguins, respectively). No interannual difference in food mass was observed for diving petrels (t = 0.62, P = 0.537), but rockhopper penguins brought back more food to their chicks in 1996 than in 1997 (t = 3.38, P = 0.001).
Common diving petrels fed almost exclusively on crustaceans, with only one single fish occurring in the samples. The diet was dominated by T. gaudichaudii, which was found in all the samples and accounted for 52% by number and 84% by reconstituted mass (both years pooled). Paraeuchaeta antarctica ranked second (33% and 16%, respectively), all the other dietary items being negligible by reconstituted mass. Paraeuchaeta antarctica was the prevailing item in 21% (n = 11) by number and 8% (n = 4) by mass of the food samples. The dietary importance of P. antarctica for diving petrels was lower in 1996 than in 1997 (22% versus 47% by number, and 8% versus 26% by reconstituted mass, respectively; Table III) . Crustaceans co-occurred with fish as major prey of rockhopper penguins, accounting respectively for 61% and 39% by wet mass, and for 89% and 11% by number, squid being negligible (both years pooled). Four taxa dominated the diet, namely T. gaudichaudii (37% and 23% by number and by reconstituted mass, respectively), Euphausia vallentini (24% and 41%), postlarval notothenioid fish (10% and 24%), and P. antarctica (13% and 3%). The latter species prevailed by number in 12% (n = 6) of the samples, but it did not dominate in any sample by reconstituted mass (Table III) . As described for diving petrels, the dietary importance of P. antarctica for rockhopper penguins was lower in 1996 than in 1997 (10% versus 20% by number, and 3% versus 5% by reconstituted mass, respectively). Figure 2 illustrates the frequency distributions of developmental stages of P. antarctica in food samples of seabirds in February 1996 and 1997. Samples from diving petrels were overall dominated by CV of both sexes and CVIǨ, which accounted together for 99.5 % and 99.3 % by number in 1996 and 1997, respectively. No CIII and few CIV (< 0.1% in 1997) and CVIǩ (0.4% and 0.6% in 1996 and 1997, respectively) occurred in the samples. The stage-frequency distributions were different between years ( 2 2 = 255.98, P < 0.001, for CVǨ, CVǩ and CVIǨ), CVǨ being more abundant, and CVIǨ less numerous, in 1996 than in 1997 (39.4% versus 29.0%, and 23.0% versus 36.5%, respectively) ( Figure 2 ). Unlike petrels, rockhopper penguins fed almost exclusively on CVIǨ (94.4% on both years), the remaining stages being mostly CV (5.6% and 5.5% in 1996 and 1997, respectively) and a few CVIǩ (0.1% in 1997). Consequently, the frequency distributions did not differ significantly between 1996 and 1997 ( 2 = 0.038, P = 0.845, for CV and CVIǨ).
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Paraeuchaeta antarctica from seabirds and nets
A comparison of stage-frequency distribution of P. antarctica between macrozooplankton and dietary samples (Figure 2 ) pointed out first that shelf stations were different from western gulf stations and seabird food samples. Shelf stations were characterized by the occurrence of CIII, the importance of CIV, and the almost total lack of CVI, while western gulf stations and food samples included amost exclusively CV and CVI. Second, the stage-frequency distributions during the 2 years were similar overall in western gulf stations and in diving-petrel food samples that are marked by the predominance of CV of both sexes and CVIǨ. Third, this distribution contrasted with that observed in penguin samples, which included mainly CVIǨ (Figure 2) .
To describe the differences occurring between individual food samples (i.e. individual birds), the stage frequency distribution of P. antarctica from 55 samples from common diving petrels and rockhopper penguins were compared with those observed at the western gulf stations using a correspondence analysis (Figure 3) . Axis 1 represented alone 93% of the inertia and it opposed CVIǨ and CV percentages. Although axis 2 represented only 5% of the inertia, it opposed the slight variation in the proportions of CVǨ and CVǩ found in food samples. Macrozooplanktonic stations of the western gulf, projected as illustrative data, were clumped together toward CV, illustrating the various importances of CVǨ and CVǩ in individual net samples. No station was associated with CVI of both sexes only ( Figure  3 ). Food samples from diving petrels and penguins showed a completely different topology. All the individual penguin samples were grouped into the same section of the 1-2 plane and they were strongly linked to CVIǨ (Figure 3 ). They were therefore not related with any stations. On the other hand, the majority of diving-petrel samples were located in the area associated with CV of both sexes, some of them being close to the proportions found at the western gulf stations. Four diving-petrel samples showed a distinct population structure; they were associated with CVIǨ, being thus close to the penguin samples.
Maximum dive depths
Of 124 recorders that were attached to common diving petrels, 100 (81%) were recovered and 90 (73%) gave reliable measurements (capillary-tube depth gauges with a clear-cut separation between ice sugar and air, with no water droplets within the lumen) (Table IV) . All the recorders were recovered within 4 days of being attached to the birds, and 72 (80%) were recovered after 1 day only. The maximum dive depths reached by diving petrels ranged from 23 to 50 m and averaged 32 m. The frequency distribution of depths was unimodal, with a mode at 30-35 m (Figure 4) . Mean maximum dive depths did not vary significantly between the two seasons (Table  IV) . Stomach contents were collected from 35 birds equipped with depth gauges. Paraeuchaeta antarctica occurred in 15 of these samples and was not found in the remaining 20 samples. The mean maximum dive depths did not differ between diving petrels that had preyed, or not, upon P. antarctica (33 ± 5 and 31 ± 5 m, respectively; Mann-Whitney test, U = 103.00, P = 0.117). Among the four diving-petrel food samples containing numerous CVIǨ (Figure 3 ), three were associated with depth gauges. The maximum dive depths of the three birds ranged from 31 to 36 m, i.e. values close to the mean maximum dive depths found for the other birds (33 m). Of 153 recorders that were attached on rockhopper penguins, 66 (43%) were recovered and 56 (37%) gave reliable measurements (Table IV) . All the recorders were recovered within 5 days of attachment, and 26 (46%) were recovered after 1 day only. The maximum dive depths reached by penguins ranged from 18 to 136 m and averaged 69 m. The frequency distribution of depths did not show a well-defined mode (Figure 4) . Mean maximum dive depths did not vary significantly between the two seasons (Table IV) .
D I S C U S S I O N
The large copepod Paraeuchaeta antarctica is an important component of the coastal macrozooplankton community in Kerguelen waters. Common diving petrels and southern rockhopper penguins feed mainly on the amphipod Themisto gaudichaudii (Bocher et al., 2000a (Bocher et al., , 2001 ), but P. antarctica account for a significant part of their diet. Comparison of T. gaudichaudii (Bocher et al., 2001) and P. antartica found in nets and food samples suggest that both species of birds feed in the vicinity of the colonies, where they segregate by preying upon different developmental stages of P. antarctica.
Paraeuchaeta antarctica in Kerguelen waters: comparison with other localities
Overall, P.antarctica was one of the most abundant species of macrozooplankton collected in Kerguelen waters. However, noticeable differences were found between stations located over the peri-insular shelf and those located inside the Golfe du Morbihan. Maximum densities and biomasses occurred in the western gulf stations, no individuals being found in the open gulf, and low values occurring at the shelf stations. The lack of P. antarctica at open gulf stations is puzzling and may be explained by the shallow water depths in the area, since species of the genus Paraeuchaeta are generally deep-water organisms (Ward and Wood, 1988; Park, 1994; Mazzocchi et al., 1995; Mauchline, 1998) . In the western part of the Golfe du Morbihan, P. antarctica was present with a high biomass all year round (Alonzo et al., 2000) . There, it co-occurred with only two other important macrozooplanktonic species, Themisto gaudichaudii and the euphausiid Euphausia vallentini [ (Koubbi, 1992; Bost et al., 1994; Bocher et al., 2001) ; and the present study]. This contrasts with the situation prevailing on the Kerguelen shelf and slope where macrozooplankton shows a greater diversity, but with low to medium densities of P. antarctica only (Pakhomov, 1993; Semelkina, 1993; Errhif et al., 1997; Errhif 1998; Razouls et al., 1998) . In the Southern Ocean, P. antarctica is the most abundant species of its genus (Fontaine, 1988; Ward and Wood, 1988; Park, 1994; Razouls et al., 2000) . South of the Antarctic Polar Front, it occurs in waters surrounding the Antarctic Continent (Siegel and Harm, 1996; Hosie et al., 2000) , including the Ross and the Weddell seas (Hopkins, 1987; Boysen-Ennen et al., 1991) , the Antarctic Peninsula (Hopkins, 1985b) , and in oceanic, neritic and fjord waters of oceanic islands (Ward, 1989; Ward and Shreeve, 1999) . North of the Polar Front, it inhabits greater depths, but was also collected in shallow waters in Chilean fjords and the Straits of Magellan (Marin and Antezana, 1985; Mazzocchi et al., 1995) . Our data showed that the species is also common in the southern part of the Polar Frontal Zone, in the immediate vicinity of the Polar Front, where the Kerguelen Islands lie (Park and Gambéroni, 1997) . The recorded abundances and biomasses of P. antarctica are highly variable, depending on time and space. Densities range from < 0.1 individual m -3 in oceanic waters surrounding South Georgia (Atkinson and Peck, 1988) , up to 9 individuals m -3 in the Straits of Magellan [station 18; calculated from (Mazzocchi et al., 1995) ] and 12 individuals m -3 at 400-600 m depth in waters of the Antarctic Peninsula (Zmijewska and Yen, 1993) . These values are lower than those found in the present work in the western part of the Golfe du Morbihan at Kerguelen, which are, to our knowledge, the highest densities and biomasses of P. antarctica ever reported (up to 30 individuals m -3 and 96 mg dry weight m -3 , respectively).
The frequency distribution of developmental stages of P. antarctica showed different population structures in the shelf and western gulf stations. Shelf stations were  JOURNAL OF PLANKTON RESEARCH VOLUME  NUMBER  PAGES -  dominated by CIV and CV, while the western gulf stations were dominated by CV and CVIǨ, the difference being consistent in both years ( Figure 2 ). This, together with the absence of P. antarctica in open gulf stations, suggests the existence of two spatially separated populations with different life history traits, the timing of reproduction being probably in advance in the western gulf than in more offshore waters. We cannot preclude, however, that some CVIǨ occurred at station 5 (located in 500 m deep waters), because net hauls were performed to 200 m depth only, while older copepodites and adults are known to live deeper than younger ones (BoysenEnnen and Piatkowski, 1988; Ward, 1989; Zmijewska, 1993; Zmijewska et al., 1997) .
Paraeuchaeta antarctica in the diet of common diving petrels and rockhopper penguins
To our knowledge, this paper is one of the first [together with (Bocher et al., 2000a) ] to report P. antarctica as an important prey for seabirds, and the first showing a penguin species feeding on copepods. During the chickrearing period, P. antarctica occurred consistently in the diet of common diving petrels, with large interannual variations, from 3% to 47% by number, and from < 1% to 26% by reconstituted mass in 1995 , respectively [(Bocher et al., 2000a ; and the present study]. Unidentified euchaetid copepods were previously found in the diet of common diving petrels breeding at Crozet Islands and at South Georgia, but they were minor prey items only (< 1% and 4% by number, respectively) (Ridoux, 1994; Reid et al., 1997) . Paraeuchaeta antarctica was also noted in a preliminary analysis of the food of diving petrels at Heard Island (Ealey, 1954) . At Kerguelen, P. antarctica ranked second after Themisto gaudichaudii in the diet of common diving petrels, which contrast with birds feeding upon Euphausia vallentini and the amphipods T. gaudichaudii and Primno macropa at Crozet, and upon other large copepods and the Antarctic krill Euphausia superba at South Georgia (Ridoux, 1994; Reid et al., 1997) . Like most penguins (Croxall and Lishman, 1987) , the rockhopper penguin feeds on macrozooplankton and micronekton, preying mainly upon pelagic swarming crustaceans and shoaling fish (Cooper et al., 1990) . At Marion, Crozet, Heard and Macquarie islands, the subspecies filholi was found to prey mainly upon the subantarctic krill E. vallentini and the myctophid fish Krefftichys anderssoni (Brown and Klages, 1987; Klages et al., 1989; Ridoux, 1994; Hull, 1999) . In the more coastal habitat of the Golfe du Morbihan at Kerguelen, oceanic myctophids were replaced by postlarval notothenioid fish, the other main prey being E. vallentini, T. gaudichaudii and P. antarctica [(Tremblay and Cherel, 2000) ; and the present study]. Except at Kerguelen, the latter species was not found to occur in the diet of rockhopper penguins, and, among other penguin species, only a few individuals were identified from food samples of macaroni penguins Eudyptes chrysolophus at Heard Island (Green et al., 1998) . The virtual lack of copepods in the diet of penguins is likely to result from their small size, the body length of P. antarctica, a very large copepod species, reaching 10 mm (Table II) . Hence, both its large size and exceptional abundance make P. antarctica a prey for opportunistic diving seabirds like common diving petrels and rockhopper penguins in coastal waters at Kerguelen.
Paraeuchaeta antarctica from food samples and nets: trophic segregation among diving seabirds
The present study highlights a dietary segregation among diving seabirds through predation upon different development stages of P. antarctica. This contrasts with both common diving petrels and rockhopper penguins feeding on the same size class of T. gaudichaudii (Bocher et al., 2001) . Overall, diving petrels preyed upon CV of both sexes and CVIǨ of P. antarctica, while penguins fed on CVIǨ only (Figure 2 ). Correspondence analysis showed almost no variation among the penguin samples and little variation for diving-petrel samples, only four individual birds having preyed, like penguins, mainly upon CVIǨ (Figure 3) . The similarity between the stage-frequency distribution in macrozooplankton and in food samples in both years indicated that common diving petrels did not select any developmental stage in the water column. It also showed that the species fed in the western gulf, which is in agreement with observations of concentrations of diving petrels foraging there.
Both visual observations and the size-class of T. gaudichaudii in food samples indicated that rockhopper penguins also foraged in the western gulf (Bocher et al., 2001) . The stage-frequency distributions of P. antarctica in macrozooplankton and in food samples in both years were, however, markedly different. This suggests either that penguins selected CVIǨ in the water column, or that birds foraged where concentrations of CVIǨ occurred. Preying selectively on adult females may be explained by their larger size, since P. antarctica is at the lowest limit in length for a penguin prey. Rockhopper penguins may also choose to feed on the much heavier, fattier, and thus nutritionally superior CVIǨ (Ward and Robins, 1987; Hagen et al., 1995; Alonzo et al., 2000) , as shown for air-breathing predators preying upon mature females of Antarctic krill at South Georgia Reid et al., 1996) .
While foraging in the same area, common diving petrels and rockhopper penguins were segregated by their diving performance, penguins foraging much deeper than diving petrels. May this difference in foraging depths explain the difference in the developmental stages of P. antarctica caught by the two bird species? Largest densities of P. antarctica have been found deep in the water column, sometimes near the bottom (Dearborn et al., 1986; Ward, 1989; Mazzocchi et al., 1995; Zmijewska et al., 1997) . Moreover, P. antarctica performs an ontogenic migration, young stages living at shallower depths than older copepodites and adults (Boysen-Ennen and Piatkowski, 1988; Ward, 1989; Zmijewska, 1993) , and CVIǨ have been reported to concentrate in the nearbottom layer (Zmijewska, 1993; Zmijewska and Yen, 1993; Zmijewska et al., 1997) . A recent investigation showed that rockhopper penguins performed benthic dives in the coastal waters of the Golfe du Morbihan (Tremblay and Cherel, 2000) . Thus, both the living habits of P. antarctica and the foraging behaviour of rockhopper penguins suggest that penguins may have caught CVIǨ near the bottom during the daylight hours. Penguins and diving petrels therefore probably segregated, at least partially, by foraging in different marine environments, in benthic and pelagic waters, respectively. Unlike other birds, four diving petrels mainly fed on CVIǨ. This suggests either that common diving petrels sometimes preyed at dusk upon pelagic concentrations of P. antarctica, which are known to ascend in the water column at night (Hardy and Gunther, 1935; Zmijewska and Yen, 1993; Zmijewska et al., 1997) , or, alternatively, that they sometimes fed during the day near the sea-floor at shallow depths.
Paraeuchaeta antarctica in the pelagic trophic web of the Southern Ocean
Three other diving seabirds breed on islands located in the western gulf, the Kerguelen cormorant Phalacrocorax verrucosus, the South Georgian diving petrel Pelecanoides georgicus, and the gentoo penguin Pygoscelis papua (Weimerskirch et al., 1989) . The food of the Kerguelen cormorant is virtually unknown, presumably fish and echinoderms (Marchant and Higgins, 1990) . Gentoo penguins feed mainly on Euphausia vallentini, Themisto gaudichaudii and fish (Bost et al., 1994) , while South Georgian diving petrels prey upon the euphausiid Thysanoessa sp. and the copepod Calanoides acutus in offshore waters (Bocher et al., 2000a) . Paraeuchaeta antarctica is thus not an important prey for other diving birds. This is also true for small flying seabirds breeding in the Golfe du Morbihan, since none of the three petrels investigated during the IOZ programme (blue petrel Halobaena coerulea, and thin-billed and Antarctic prions Pachyptila belcheri and P. desolata) fed significantly on P. antarctica in summer (Cherel et al., 2002a,b) . Elsewhere, the species was generally not recorded in the diet of seabirds, but P. antarctica was found in food samples from diving petrels at Heard Island and South Georgia (see above), and unidentified euchaetids accounted for 1.3% by number in the diet of the Cape petrel Daption capense at Crozet Islands (Ridoux, 1994) . Thus, up to now, P. antarctica was found in significant amounts only in the diet of common diving petrels and rockhopper penguins at Kerguelen, and this is likely to be related to its high abundance within the macrozooplankton community in the western gulf.
In pelagic Antarctic waters, P. antarctica forms a major part of the diet of various macrozooplanktonic organisms, including amphipods (Eusirus propeperdentatus), mysids (Antarctomysis ohlinii) and chaetognaths (Eukrohnia hamata) (Hopkins, 1985a; Øresland, 1990) . It is a prey of midwater fish, including myctophids (Electrona antarctica, Gymnoscopelus spp., Protomyctophum bolini), Pagothenia borchgrevinki and Pleuragramma antarcticum (Hopkins, 1985a; Williams, 1985; Foster et al., 1987; Kellerman, 1987; Kozlov and Tarverdiyeva, 1989; Pakhomov et al., 1996) . Finally, P. antarctica was also found as a main prey of at least one truly benthic organism, the brittle star Astrotoma agassizii (Dearborn et al., 1986) . In turn, P. antarctica is a carnivorous species, feeding mainly on smaller herbivorous and omnivorous copepods, which include Drepanopus forcipatus, Oithona spp., Oncaea spp. and Metridia spp. (Hopkins, 1987; Yen, 1991; Øresland, 1991 , 1995 Øresland and Ward, 1993) . Predator-prey relationships including P. antarctica were found in every study devoted to the pelagic trophic web of Antarctic waters. As a result of its abundance, however, it is more important in the midwater ecosystem of the Antarctic Peninsula than in that of the Ross and the Weddell seas, and in oceanic waters (Hopkins, 1985a (Hopkins, , 1987 Hopkins and Torres, 1989; Lancraft et al., 1991; Hopkins et al., 1993) .
The main result of this study was to establish that the euchaetid P. antarctica is an important component of the macrozooplankton community and a significant prey item for planktivorous diving seabirds in coastal waters at Kerguelen Islands. There, it constitutes an important link between small herbivorous zooplankton (Drepanopus pectinatus) and higher predators (Themisto gaudichaudii, seabirds and probably fish). A similar situation is likely to occur in the deep straits and fjords of the Southern Ocean, where more information is needed on the midwater ecosystem. Paraeuchaeta antarctica does not belong to the first group of organisms that form the bulk of the macrozooplanktonic biomass and the major part of the food of top consumers in the Southern Ocean (the euphausiids Euphausia superba, E. vallentini and Thysanoessa spp., and the amphipod T. gaudichaudii). As a result of its abundance and high energy content, it can be, however, a locally important pelagic species in the trophic web, such as in the Croker Passage in Antarctic Peninsula, or in the Golfe du Morbihan at Kerguelen [ (Hopkins 1985a) and the present study].
